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Ecological Risk Assessment
Mortality of Escherichia colt O157:H7in TwoSoils with Different
Physical and Chemical Properties
D. N. Mubiru, M. S. Coyne,* and J. H. Grove
ABSTRACT

to identify specific organisms (Covert et al., 1992).
particular, the capacity of fecal coliforms (i.e., Escherichia coli) to hydrolyze the fluorescent indicator compound MUG(4omethylumbelliferyl
[3-D-glucuronide)
has been exploited to provide presumptive evidence for
fecal contamination of water (Rice et al., 1990, 1991).
Some fecal coliforms are unable to hydrolyze MUG,
which means they give false negative responses to this
quick test (Coyne and Shuler, 1994).
Amongthe E. coli strains demonstrating a MUGnegative response is the virulent enterohemorrhagic
(EHEC) pathogen designated as O157:H7, which has
been found in asymptomatic cattle, sheep, swine, deer,
dogs, horses, and fowl (USDA,1997). This is the predominant EHECstrain in the USAand it has caused
several notable disease outbreaks due to contamination
of drinking water, ground beef, and swimmingpools.
The consequences of long-term pathogenic fecal coliform survival in soil are serious, particularly if those
strains are more robust than nonpathogenic indicator
bacteria and constitute an increasing fraction of the soil
fecal coliform population with time. The detection and
survival of O157:H7has been examined in waste, food,
and water (Hovde et al., 1999; Pyle et al., 1999), but
comparativestudies relating the survival of E. coli strain
O157:H7in soil to typical nonpathogenicindicator fecal
coliforms are lacking. This study was therefore conducted to compare the mortality rate of E. coli O157:H7
with that of a nonpathogenicE. coli strain in two typical
Kentucky soils with different physical and chemical
characteristics.

Wild and domesticated animals can harbor a pathogenic Escherichia colt strain designated as O157:H7.Potential health problems
could occur if strain O157:H7is a morerobust survivor in defecated
waste than commonlyused indicator bacteria. A laboratory study was
conductedto assess E. colt O157:H7survival relative to a nonpathogenie E. colt strain in two soils with different physical andchemical
characteristics. Bacteria in the inoculated soils were enumeratedon a
weekly basis for 8 wkusing a most probable number(MPN)technique.
First-order decay models were used to describe bacteria mortality in
the soils. Decayseries were described slightly better by a two-stage
function than by a single-stage function. Strain O157:H7exhibited
similar mortality patterns to the nonpathogenicE. colt in the same
soil environment.Both E. ¢oli strains bad greater mortality rates in
Popesilt loam(coarse-loamy, mixed, active, mesic Fluventic Dystrudept) than Zanesville silt loam(fine-silty, mixed, active, mesic Oxyaquic Fragiudalf). Differences in available soil water probably were
the overriding factor in E. colt survival. Escherichia colt O157:H7
survival could be modeledin the same wayas nonpathogenic E. colt
andappears to have a slightly higher mortality rate.

O

NEof the main concerns with pathogenic enteric
microorganismsis their survival in soil after manure or biosolids deposition. Any soil condition that
favors extended growth and survival of enteric pathogens presents a health hazard because it increases the
likelihood of disease transmission. Consequently, it is
important that soil conditions influencing the survival
of these microorganisms be determined. Several studies
on the survival of enteric microorganismsoutside of the
humanor animal gastrointestinal tract indicate that the
mortality rate is initially very high (Crane et al., 1980).
Twoto three monthsis sufficient in most cases to reduce
pathogens to negligible numbers once they have been
applied to soil (Zhai et al., 1995). However,survival for
as long as 5 yr has been documented(Gerba and Bitton,
1984; Rudolfs et al., 1950).
Survival times amongdifferent bacteria and even different bacterial strains vary greatly and it is generally
expensive and time consumingto test for enteric pathogens individually. Nonpathogenic indicator bacteria of
enteric origin, which are easier and less expensive to
monitor, are often used to model the survival of pathogens in soil and water. Current methodsto rapidly detect
fecal indicator bacteria use defined substrate technology

MATERIALS AND METHODS
Soil Analysis and Experiment Design
Twosoils were selected for the study, Popesilt loamand
Zanesville silt loam, that varied appreciablyin physical and
chemical properties (Table 1). The soils were analyzed for
particle size and other common
soil properties (e.g., exchangeable bases, cation exchangecapacity [CEC],extractable N,
and soil organicmatter) using standardmethodsof soil analysis
(Soil SurveyStaff, 1992).Soil pHwasdeterminedin a 1:1 soil
to deionizedwater slurry. Soil water potential wasdetermined
by the psychrometer thermocouplemethodusing a pressure
plate (Rawlins and Campbell,1986). The experiment design
was a two by two factorial with two types of soil and two
strains of bacteria. Experimental
units consistedof 96 polyethylene bags.
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Table1. Soil physical,chemical,andbiologicalcharacteristics
priorto E. call addition.
Characteristic

Popesilt loam

Texture(g/kg)
Clay
Silt
Sand
pH
MehlichII1 extractable (mg/kg)
Ca
Mg
K
P
Zn
Soil organic
matter(g/kg)
Total N (mg/kg)
Total coliforms

Zanesville silt loam

250
590
160
5.6

120
670
210
5.5

1380
155
85
21
13

980
74
44
14
2

28.0
1510
nd~"

17.3
1000
nd

"~ nd= not detectable.

Inoculation Method
Escherichia coli strain O157:H7and a nonpathogenicE.
coli isolate (American Type Culture Collection [ATCC]
27662) were obtained from the Food Science Departmentat
the University of Kentuckyand prepared by growingcultures
overnight at 35°C in a nutrient broth (EC medium,Difco,
Detroit, MI). Cells were harvested by centrifugation at 5000
rpm in an SS-34 rotor (Sorvall/Heraeus, Newton,CT) and
washedin physiologicalsaline (0.15 MNaC1)three times, each
time centrifugingat 5000rpmin an SS-34rotor for 15 min. The
washedcells were resuspendedin 90 mLof sterile phosphate
buffer (Fisher, Cincinnati, OH).The resuspendedcells were
brought to a final volumeof 300 mLby adding deionized
water. Bacteria concentrationsin the suspensionsweredeterminedby standard spread plate method. Four dilutions and
four replicates of each sample were plated on plate count
agar. Colonieswerecountedafter incubationat 35°Cfor 24 h.
Nonsterile soil samples weighing1.5 kg that had been airdried and crushed to pass a 2-mmsieve were mixedwith the
E. coli suspensions to produce soils with 20%gravimetric
water content. Approximately
62 g of the inoculated soils were
placed in polyethylenebags that were sealed to maintainsoil
moisture and incubated at 25°C.

Escherichia coli Enumeration
Escherichiacoli wereenumeratedfromthree replicate polyethylene bags every week for 8 wk using a most probable
number(MPN)method(Woomer,1994). Prior to inoculation
with bacteria, the total coliformpopulationsin each soil were
negligible (Table 1). Immediatelyafter inoculation the soils
wereassayedto determinethe E. coli populationat zero time.
Ten grams of soil from each sample were serially diluted by
10-fold steps into a sterile phosphatebuffer (Woomer,
1994).
Culture tubes containing a defined substrate medium(COLITAG)(Changet al., 1989) with ONPG
(o-nitrophenyl-[3-Dgalactopyranoside)to detect [3-galactosidaseactivity by total
coliformswereinoculated fromeach soil after serial dilution.
Five replicate tubes wereusedfor each dilution. Mostprobable
numberwas determinedafter incubation at 35°C for 48 h.
Data Analysis
The data are reported as log10 values. Data were analyzed
as a randomizedblock (soil types = blocks) split-plot over
time using the PROC
GLMprocedure of SAS(SASInstitute,
1985).Differencesbetweensoil types and bacteria strains were
evaluated using the soil type × bacteria strain meansquare
in the denominatorof the F test.
First-order kinetics were assumedto follow the equation:
-d(A)/dt
=
[1]
where A = the parameter under investigation (population),
k = the specific mortality rate constant, and t = time. Upon
integrating this differential form,the followinglinear equation
was generated:
logl~A = -kt + constant
[2]
A simple regression was performedon this linear transform
to calculate the best fit for the data. Thecoefficientof determination (r 2) is a measureof the proportion of total sum of
squares attributed to the independentvariable and gives an
idea of howwell the modelfits the data (Craneet al., 1980).
RESULTS
The two soils were silt learns, but Pope soil had twice
as muchclay as the Zanesville soil (Table 1). Pope soil
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Fig. 1. Mortality of E. coli strains in two soils with different physical andchemicalcharacteristics.
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also generally had more exchangeable bases, soil organic
matter, and nitrogen. Figure 1 showsthe log10 cell number as a function of days of incubation. Both strains
appeared to have similar survival patterns in the individual soils. However, there were marked differences in
the survival pattern betweensoils. Both strains initially
regrew in the Zanesville soil, while die-off in Pope soil
was apparent in the first week.
The analysis of variance for log10 cell numbers per
gram of soil is presented in Table 2. Interactions between soil type and bacteria strain, soil type and days
of incubation, and bacteria and days of incubation, depicted in Fig. 1, were all highly significant (Table 2).
Consequently, even though overall differences between
soil types (Pope vs. Zanesville) were significant (Table
2, p -< 0.1), differences were not independent of days of
incubation (Fig. 1). Nosignificant difference was found
betweenbacteria strains at p -< 0.1.
A first-order decay model (Eq. [2]) was used to describe the E. coli mortality in the soils. Decay series
were described better by a two-stage first-order function
than a single-stage first-order function (Table 3). However, the overall regression coefficients (r 2) from a single-stage first-order function were relatively high (0.89
to 0.93). Both strains had greater mortality rates in Pope
soil than Zanesville soil. The overall mortality rate constant for O157:H7in Pope was -0.17 d-1 and that of
the nonvirulent E. coli strain was -0.14 d-l (Table 3).
In Zanesville soil, the mortality rate constant for
O157:H7 was -0.11 d-1 and that of the nonvirulent
-*.
strain was -0.09 d
Whenmodeled as a two-stage function, the initial
mortality rates of the E. coli strains were 36 to 88%
higher (Table 3). The mortality rate constants derived
from a two-stage first-order function indicated that the
initial mortality rates were a function of soil type
whereas the subsequent mortality rates were a function
of the E. coli strain. That notwithstanding, the initial
mortality rate constants (-0.15 to -0.25 -~) compared
with the subsequent mortality rate constants (-0.05 to
-0.08 d-1) indicated that the proportional effect on
mortality ascribed to the soil type was by far greater
than that due to the E. coli strain.
Although the Pope soil had higher exchangeable
bases, total N, and organic matter content than the
Zanesville soil (properties that have been associated
with prolonged bacterial survival in soil), the Zanesville
soil nevertheless had lower mortality rates and promoted E. coli growth. To help explain this unexpected
trend in E. coli mortality, we determined the matric

Table 2. Analysis of variance for log10 cell number/g soil in Pope
and Zanesville silt ioams inoculated with two bacteria strains.
Sourceof variation

df

Mean square

F

Soil type
Bacteriastrain
Soil type × bacteria type
Days
Soil × days
Bacteria × days
Error
Total
Day contrast
Linear
Quadratic
Cubic

1
1
1
8
8
8
8
35

30.03
8.94
0.32
6.09
0.81
0.06
0.01

95*
28ns~"
22***
425***
56***
5***

541.26"**
0.21ns
4.85*

*P~ 0.10.
** P -< 0.05.
***P --< 0.01.
~" ns = nonsignificant.

potential of the soils (Fig. 2). Given the pronounced
difference in clay content between the two soils, we
surmised that matric potential in the individual soils
was a significant factor affecting survival. For any given
water content, the matric potential of the Pope soil was
lower than that of the Zanesville soil. At 20%gravimetric water content, the matric potential in the Pope soil
was 43%more negative than the Zanesville soil.
DISCUSSION
There are several instances where enteric bacteria
regrowth has been observed in soil. Cuthbert et al.
(1950) observed fecal coliform regrowth in neutral
calciferous soils and acid soils treated with calcium carbonate. They attributed this phenomenon to greater
nutrient availability and more hospitable conditions encountered near physiological pH. Van Donsel et al.
(1967) observed a similar phenomenonfor fecal coliforms applied to field plots, which they attributed to
the prevailing weather conditions, especially changes
in soil moisture and temperature. Howell et al. (1996)
observed that fecal coliforms and fecal streptococci increased for the first 3 d after dairy (Bos taurus) manure
was added to sand, silt, or clay sediment at 25 or 35°C.
Likewise, Stoddard et al. (1998) observed that net fecal
coliform mortality was delayed after spring application
of dairy manureto a Maurysilt loam (fine, mixed, semiactive, mesic Typic Paleudalf), though not after fall application.
Someimportant variables documented to control the
survival of enteric organisms following application to

Table 3. Mortality rate constants for E. coli strains in Pope and Zanesville silt Ioams.
Mortalityrate constants

Soil
Pope
Zanesville

Strain
#27662"~
O157:H7
#27662
O157:H7

Single first-order function
rz
k
0.89
0.93
0.90
0.93

AmericanType Culture Collection (ATCC)Strain no. 27662.

d-~
- 0.14
-0.17
- 0.09
- 0.11

Two-stagefirst-order function
r~
0.94
0.99
0.97
0.87

ki
d-~
- 0.21
-0.25
- 0.17
- 0.15

r~
0.96
0.99
0.95
0.94

kz
d-~
- 0.06
-0.08
- 0.05
- 0.07
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I
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-124.1

~
0

0.1
0.2
0.3
0.4
0.5
Gravimetric water content (g/g)
]Fig. 2. Matricpotential as a function of gravimetricwater content in
Pope and Zanesville silt Ioamswith different physical and chemical characteristics.

soil include the physical and chemical properties of the
soil, atmospheric conditions, and biological interactions
with other soil organisms (Crane et al., 1980; Gerba
and Bitton, 1984; Morrison and Martin, 1977). Fine soil
particles have also been shownto increase E. coli survival. Soils of fine texture and high organic matter content have been observed to support microbial populations three times larger than coarse textured soils
(Gerba and Bitton, 1984), a factor also attributed
higher nutrient concentrations (Tate, 1978). Howell
al. (1996) demonstrated that fecal bacteria survival was
significantly better in the presence of saturated clays
comparedwith silt- or sand-sized particles.
Amongthe physical and chemical properties in soil,
soil water content is a major factor determining fecal
bacteria survival. Greater survival is associated with
moist soils and periods of high rainfall (Beard, 1940;
Reddy et al., 1981; Youngand Greenfield, 1923). Tate
(1978) observed that fecal coliform survival was greatly
extended in organic soils compared with mineral soils,
a factor he attributed to a high water holding capacity
and nutrient concentrations in these soils.
In contrast to the previously cited studies in which
high organic matter, soil nutrients, and clay content
promotedE. coli survival, our study suggested that differences in available water were, apparently, the overriding factor in E. coli survival in the two soils we examined. Weascribed the lower matric potential in the Pope
soil, for the same water content, to the higher clay content (250 g/kg) in the Pope soil compared with the
Zanesville soil (120 g/kg). The negative effects of low
matric potentials on bacterial growth and survival in
soil are well documented(Harris, 1980; Griffin, 1980),
particularly for gram negative bacteria such as the fecal
coliform strains used in this study. The more negative
matric potential in the Pope soil probably accelerated
mortality because the E. coli in this soil had to overcome
a higher potential to meet their water requirements.
On the other hand, because of the less negative matric
potential in the Zanesville soil, the E. coli probably

experienced less water stress, thus the regrowth in the
first weekand the lower mortality rates observed during
the subsequent weeks of the experiment.
Soil matric potential could influence E. coli survival
patterns in soil, particularly in soils for which water is
limiting. However,it is plausible that at reduced microbial concentrations, as occurred during the progress of
the experiment, there was less competition amongthe
microbes, therefore, factors external to the E. coli had
progressively less effect on their survival patterns than
did intrinsic cell properties. Regardlessof this possibility, the models we used to explore mortality of the
pathogenic and nonpathogenic strains in soil showed no
significant differences within the same soil type.
These results also reflect only the biochemically active
cells. Differences between the pathogenic and nonpathogenic strains in the rate at which viable but biochemically inert cells form could be a consideration. In
addition, because our study was narrowly focused on
only two soils and because the E. coli were removed
from the milieu of fecal deposits, it would be worth
investigating further a greater variety of soil types, physical and chemical properties, and fresh and aged deposits.
CONCLUSIONS
Althoughit is generally accepted that indicator microorganisms of enteric origin are affected in the same
manneras pathogens in soil, in most studies it has been
established that they survive longer than pathogens. In
this study, the nonpathogenicE. coli strain consistently
had lower mortality rate constants and therefore survived in higher numbers slightly longer than the pathogen O157:H7.However, the differences were not statistically significant. Escherichia coli O157:H7exhibited
similar survival patterns to the nonpathogenicstrain in
the same soil. The data suggest that because O157:H7
had similar mortality rates to a nonpathogenic E. coli
strain, it is unlikely to predominatein soil environments
and increase the risk of false negative indications of
fecal contamination. Rapid defined substrate tests for
E. coli, and conservative preventive measures after their
detection, should be adequate to minimize health risks
due to fecal contamination of soil and ground water,
even though some potential E. coli strains, such as
O157:H7, elude detection by these methods because of
their variable MUGresponse.
Although the overall regression coefficients from a
single-stage first-order function were relatively high, the
rate constants derived from the first-order kinetics appeared to underestimate the longevity of E. coli in the
two soils tested. As a matter of public health, a more
conservative approach is to use a two-stage first-order
function, which seems to be a better predictor of the
survival of E. coli in soil than a single-stage firstorder function.
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